Abstract. Angular distributions of protons, deuterons, tritons, alpha particles and 7Li at 7 MeV CM and *Be at IO MeV CM have been measured for the 9Be + 9Be system. The contribution of the compound nucleus mechanism to the reactions under investigation was estimated by an analysis of the light charged particle channels. The 9Be(9Be, 'Be)l0Be angular distribution was compared with the predictions of the DWBA model supplemented with the incoherent compound nucleus contribution. The "Be(Gs) neutron spectroscopic factor deduced from a comparison of theoretical and experimental cross sections at small angles was found to be consistent with the theoretical value given by Cohen and Kurath.
Introduction
The specific features of the 'Be nucleus, especially the small binding energies of the neutron (1.665 MeV) and the alpha particle (2.47 MeV), lead to some interesting phenomena observed in ' Be-induced reactions. Thus an anomalous small normalisation factor was found by Satchler (1979) and Fulmer et a1 (1984) in a double folding model calculation of the real part of the optical potential for 'Be ions. Attempts were undertaken to explain this by strong quadrupole effects (Hnizdo et a1 198 la, b) or by inclusion of break-up processes similarly as in the calculations of Thompson and Nagarajan (198 1) and Sakuragi et a1 (1983) for 6Li ions. In the angular distributions for elastic scattering the localisation of different reaction processes is clearly visible, as was shown by Balzer et a1 (1977) , Jarczyk et a1 (1978) and Hugi et a1 (1981a) . Even at low energies the reaction cross section contains quite a large contribution, up to 40%, from direct reactions (Hugi et a1 1981b) . Among them the most representative ones are the neutron transfer in the ('Be, 'Be) reaction (Lang et a1 1977 , Jarczyk et a1 1979b , Bodek et a1 1980b and the break-up processes (Unternahrer et a1 1978a, b) . For some target nuclei elastic transfer also appears with quite remarkable cross sections (Jarczyk et These effects were studied in a broad region of target mass numbers ranging from ' OB to 28Si nuclei. The present paper extends these investigations to the still lighter system 9Be + 9Be, since it can be expected that some of the observed features would be enhanced for the system of two interacting identical 9Be ions.
Apart from a study of elastic (Ungricht et a1 1979 , Omar et a1 1984 and inelastic scattering (Omar et a1 1984) only a few experimental data in the low-energy region (3-16 MeV laboratory) have previously been published for this system (York and Carpenter 1977) , without, however, any attempt at an analysis and interpretation. Thus in the present work the earlier experiments on elastic scattering in the 9Be + 9Be system (Ungricht et a1 1979) have been supplemented by measurements of light charged particles, i.e. protons, deuterons and tritons, as well as some heavier fragments such as alpha particles, 'Li and 'Be ions. The analysis was performed with the aim of obtaining information on the contributions from different reaction mechanisms. Thus the optical model, both in the phenomenological version and in the microscopic one, was used for calculation of the elastic scattering. The emission of light particles was treated with the statistical reaction model, while for the heavier particles evidently a large contribution from direct transfer processes should be taken into account. A DWBA analysis was performed for the most representative neutron transfer in the 9Be(9Be, 'Be)"Be reaction.
Experimental procedure and results
All measurements analysed and discussed in the present work were performed at the tandem van de Graaff accelerator of the ETH Zurich. The 9Be-ion beam developed at this institute (Balzer 1976) was focused onto a 9Be target placed in the middle of a 7 0 c m diameter scattering chamber. The elastic scattering angular distributions at CM energies of 7, 10 and 13 MeV were measured previously and the results together with a global optical model analysis, including 'Be scattering on other light nuclei, were published by Ungricht et a1 (1979) . In the present work the light charged reaction products were measured at a beam energy of 14 MeV (laboratory) in a counter telescope consisting of a thin 4 0 p m semiconductor AE counter followed by a thick semiconductor E counter. For the heavier ejectiles, alpha particles and Li nuclei, a second AE-E telescope was used with a thinner 15pm detector to allow for the larger energy loss. Due to the identity of interacting particles in the entrance channel the angular distributions should exhibit a 90" symmetry. Therefore the measurements were performed in 5" steps in the region of forward angles 15-85' laboratory, while in the backward region experiments at loOD, 120" and 140" were performed only for test purposes. The angular resolution was approximately 1.4", the total energy resolution about 200 keV. The detector pulses were analysed on-line in the data acquisition system developed at the ETH and based on a PDP-15 computer. The typical mass spectra shown in figure 1 indicate sufficient particle discrimination. Some energy spectra for different registered particles at a laboratory angle of 30" are shown in figure 2. The identification of peaks corresponding to the transitions to different states of the final nuclei are indicated in the curves. Typical angular distributions for some transitions are presented in figures 3 and 4.
The reaction 9Be(9Be, *Be)"Be was investigated at a beam energy of 20MeV (laboratory). The 'Be ejectiles were registered as two decay alpha particles measured in coincidence in a pair of semiconductor counters (Lang et a1 1975) . The measurements were performed in 2 . 5 O angular steps in the range 15O-82.5" (laboratory). In the region of intermediate and backward angles, where the energy of the 'Be particles is small, the ejectile-recoil-nucleus coincidence technique was applied in order to minimise any background introduced by the collimating system and by contaminations in the target. The solid angle of the recoil-nucleus detector was very carefully adjusted to that of the 'Be detector. The two-dimensional spectra from the 'Be counters were analysed on-line in the computer and the number of counts corresponding to the ground-state transition determined. Transitions to the excited states of "Be have only very small cross sections. The 'Be angular distribution obtained is shown in figure 5 . The symmetry with respect to 90" in the CM system is clearly visible.
The thickness of the self-supporting 9Be targets used in these measurements was between 40 and 60pg cm-2. Special precautions were undertaken to diminish the carbon deposit on the target built up during the measurements. Liquid-nitrogen traps supplementing the standard vacuum system provided a pressure of less than lo-' Torr in the scattering chamber.
The absolute normalisation of the reaction cross section was obtained from a comparison with the simultaneously observed elastic scattering, for which cross sections were known from earlier investigations (Ungricht et a1 1979) . In the case of 8Be the ecn Figure 5 . Angular distribution of 'Be from the reaction 'Be('Be, 'Be)'OBQs at E = 10 MeV CM. The broken curve shows the compound nucleus contribution, the chain curve that from the direct neutron transfer reaction and the full curve the incoherent sum of both contributions.
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counter efficiency was determined by a Monte-Carlo calculation (Lang et al 1975) and checked in special test measurements.
Analysis of results
Previous studies of 'Be-induced reactions on some light nuclei, for example I2C by Jarczyk et al (1979b Jarczyk et al ( , c, 1981 and 13C by Bodek et a1 (1980b) , have shown that the reaction channels with emission of light charged ejectiles-protons, deuterons and tritons-are dominated by the compound nucleus mechanism, while direct transfer processes populate mainly the heavier particle channels, for example those with alpha particles or 8Be ejectiles. Therefore both these reaction models had to be used for the analysis of the present data. The transmission coefficients in the Hauser-Feshbach model calculations and the distorted waves in the DWBA calculation were generated by appropriate optical model potentials.
Optical model analysis of 9Be + 'Be elustic scattering
The elastic scattering measured for the 'Be + 'Be system at energies of 7, 10 and 13 MeV (CM) was previously analysed, together with the experimental data for other target nuclei, by Ungricht et a l ( l 9 7 9 ) in a four-parameter version of the optical model. In the present work an attempt has been undertaken to improve the quality of the fit by using a sixparameter potential in which the Woods-Saxon-type volume absorption was different from the real part, or by using a real part calculated according to the double folding model of Satchler and Love (1979) . The identity of the two interacting particles was taken into account by symmetrising the scattering amplitudes.
As can be seen from table 1 no significant improvement was obtained. Thus, the simplest four-parameter potential from Ungricht et a1 (1979) was used in the consecutive calculations to generate the transmission coefficients in the entrance channel in the statistical model analysis and to obtain the distorted wavefunctions in the DWBA calculations.
It should be mentioned, however, that the normalisation factor N was found to be close to unity when the double folding model was used to generate the real part of the optical potential. This is in contrast to the work of Satchler (1979) and Fulmer et a1 (1 984), where for 'Be scattering on heavier nuclei an anomalously small value around 0.5 was found for the normalisation factor. A similar effect ( N = 1.08) was found for elastic scattering at ECM = 17.5 MeV by Omar et al(l984) , while at larger energies the factor N decreases. 
Statistical model analysis of the emission of light particles
The angular distributions of the emitted protons, deuterons and tritons were analysed using the Hauser-Feshbach statistical model with the formulae given by Jarczyk et a1 (1 979c).
The calculations were performed with the aid of the computer code STATIS of Stokstad (1972) allowing for identical particles in the entrance channel. The transmission coefficients for the exit channels were calculated using an optical model with parameters from the compilation of Perey and Perey (1 976).
In the calculation of the denominator in the Hauser-Feshbach formula the summation was performed over known discrete levels in different exit channels, while in the region of overlapping levels the parametrisation of the level density of Gilbert and Cameron (1965) was applied, The level density parameter was assumed in the form a = A/c. For the range of mass numbers A and the excitation energies under consideration a value of c= 5 was determined by Jarczyk et a1 ( 1 9 7 9~)~ The only free parameter in the analysis is then the fusion cut-off angular momentum If,,,. Its value can be determined by minimising the relative square deviation A of the angle-integrated experimental cross section uyp from that calculated using the Hauser-Feshbach theory u :~:
where the summation is over all reaction channels i. The results are shown in figure 6. One obtains a value of lfus = 5.5 as the best-fit value.
In figure 3 the curves show the theoretical angular distribution obtained in the analysis. Although in most cases the theory reproduces the measurements satisfactorily there is some scatter in the results, the theoretical cross section being in some cases lower and in other cases somewhat larger than the experiment. Most probably this can be attributed to a not completely adequate representation of the level density by the assumed simple parametrisation of a = A/c with a constant c value. Using in the sharp cut-off formula for the fusion cross section Ofus = (dk2>(1fus + the value of Ifu8 obtained from the present analysis we get ufus = 894 f 130 mb, with error limits estimated from the inaccuracy in Ifus of k0.5. The optical model calculation gives for the total reation cross section a value of uR = 1252 mb. The contribution of the compound nucleus reaction to the total reaction cross section amounts therefore to roughly 70%. This agrees very well with the relatively small fraction of the compound nucleus processes found previously for the interaction of 9Be ions with other nuclei (see, e.g., Hugi et a1 1981b, Jarczyk et a1 198 1).
DWBA analysis of the 9Be(9Be, 'Be) neutron tranfler reaction
The remaining non-compound part of the total reaction cross section appears in the direct transfer and in 'Be break-up processes (see, e.g., Ungricht 1979) . Inspection of figures 4
and 5 , where the estimation of the compound nucleus contribution to the emission of heavier ejectiles is compared with the experimental data, shows that this is also true for the 'Be + 'Be system. In all cases the experimental data significantly exceed the compound nucleus cross section. Obviously, direct reaction processes are not negligible in this region. This is most clearly visible for the 'Be emission presented in figure 5 . Since this reaction was investigated at a somewhat higher energy (10 MeV CM), the compound nucleus contribution was estimated taking into account the energy dependence of Ifus according to the formula of Glas and Mosel(1975) , ofus = n R i ( l -VB/ECM) where RB and VB denote the radius and height of the Coulomb barrier. This led to a value Since in this case the compound nucleus contribution can account for a small fraction of the observed cross section only, an attempt was made to describe this reaction as a direct neutron transfer. The exact finite-range DWBA code SATURN-MARS of Tamura and Low (1974) was used for the calculation. The identity of the two particles in the incident channel was taken into account by a symmetrisation of the transition amplitudes according to a formula given, for example, by Goldberger and Watson (1964) The geometrical parameters of the neutron binding potential for the ('Be + n) as well as for the (9Be + n) system were chosen in the same way as by Lang et a1 (1977) . The depths of the central parts of these potentials were adjusted to give the appropriate binding energies. The parameters of the binding potentials are listed in table 2.
As mentioned earlier, the optical model parameters from Ungricht et a1 (1979) were used to generate the distorted waves in the 9Be + 9Be entrance channel. The same potential was also applied to the 'Be+ "Be exit channel due to a lack of any information on the interaction in this system. However, since this procedure could be too rough an approximation, the sensitivity of the calculated results to variations of the parameters of this potential was tested. It was shown that changing the depths of the 'Be + "Be potential by + 2 5 % and the geometrical parameters by ?lo% influences the absolute values of the cross section somewhat, but leaves its shape essentially unaffected. The cross sections were determined using the theoretical values of the neutron spectroscopic factors given by Cohen and Kurath (1967) . The results are shown as a chain curve in figure 5 . The absolute values of the experimental cross sections are properly reproduced by the DWBA curve at small angles. However, the mean slope of the theoretical angular distribution is evidently too large as compared with the experimental data. This seems to be a quite general, although not yet understood, feature of the DWBA description of the transfer reactions in light systems of heavy ions (see, e.g., Bodek et a1 1980a). It could be connected with some inadequacies of the applied DWBA formalism, or it could also indicate contributions from some higher-order processes as discussed by Kamys et a1 (1983) .
Conclusions
The contributions from different reaction mechanisms have been studied for the 9Be + 9Be system. The statistical reaction model accounts satisfactorily for the emission of light particles, protons, deuterons and tritons, while direct reaction processes evidently dominate in transfer reactions leading to the emission of alpha particles, 'Li and 'Be ions. Even at the low energies under investigation the contribution of direct reactions is quite large, of the order of 30% of the total reaction cross section. This could be attributed to the low binding energy of different fragments in the 9Be nucleus.
A satisfactory agreement of the calculated angular distributions with the Hauser-Feshbach theory shows the adequacy of the applied statistical reaction model with a smooth dependence of the level density parameter on atomic number.
The DWBA theory of direct neutron transfer, although reproducing the absolute value of the cross sections at small angles well, evidently fails in the region of angles larger than 30" (CM) , where the angular dependence of the theoretical differential cross sections has a much larger mean slope than the experimental angular distribution. This feature, quite common in heavy-ion transfer reactions, has not yet been satisfactorily explained.
